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pS6kk, a lymphocyte-specific tyrosine protein kinase, binds to the cytoplasmic tails of the T-cell surface
molecules CD4 and CD8. Cross-linking of CD4 expressed on the surface of murine thymocytes, splenocytes,
and CD4+ T-cell lines induced tyrosine phosphorylation of p56kk dramatically. Cross-linking of CD8
stimulated tyrosine phosphorylation of p56kk strongly in murine L3 and GA4 cells, slightly in splenocytes, but
not detectably in thymocytes. Differing effects of cross-linking on in vitro tyrosine kinase activity of p56kk were
observed. An increase in the in vitro kinase activity of p56Lck, when assayed with [Val5]-angiotensin II as an
exogenous substrate, was found to accompany cross-linking of CD4 in three cell lines. No stimulation of the in
vitro kinase activity, however, was observed after cross-linking of CD8 in L3 cells. The phosphorylation of
p56kk at Tyr-394, the autophosphorylation site, was stimulated by cross-linking in all cell lines examined.
Tyr-394 was the predominant site of increased tyrosine phosphorylation in two leukemic cell lines. In the other
two cell lines, the phosphorylation of both Tyr-394 and an inhibitory site, Tyr-505, was found to increase. In
contrast to cross-linking with antibodies, no striking increase in the tyrosine phosphorylation of ps6ck was
stimulated by antigenic stimulation. Therefore, the effect of antibody-induced aggregation of CD4 and CD8 on
the tyrosine phosphorylation of p56kk differs, at least quantitatively, from what occurs during antigen-induced
T-cell activation.

Ick is a member of the src family of genes that encode
cytoplasmic protein tyrosine kinases. Its product, p561ck, is
expressed almost exclusively in lymphoid cells and tissues
(6, 22, 28, 41, 47). Like other protein tyrosine kinases, p56'ck
is thought to play a role in the generation of growth regula-
tory signals. p561ck binds to the cytoplasmic tails of the T-cell
surface molecules CD4 and CD8 in both human and murine
T cells (35, 38, 43, 50). Its association with CD4 and CD8
suggests that it may play a role in a signal transduction
pathway during T-cell activation or T-cell maturation.
CD4 and CD8 bind to class II and class I major histocom-

patibility proteins, respectively, during antigen-induced
T-cell activation (8, 11, 30-32) and during T-cell maturation
(9, 21, 37). In addition to increasing adhesion between T cells
and antigen-presenting cells, several lines of evidence sug-
gest the involvement of CD4 and CD8 in transducing growth
regulatory signals. It has been demonstrated that a truncated
form of CD4 that is missing the cytoplasmic domain is less
effective than wild-type CD4 at enhancing interleukin-2
production by T cells (39). In addition, studies with CD8a',
a form of CD8 lacking most of the cytoplasmic tail, have
demonstrated that the cytoplasmic domain of CD8 is also
required for antigen-induced T-cell activation (50). The
cytoplasmic domains of CD4 and CD8 are therefore likely to
be involved in positive signaling during T-cell activation.
Since it is the cytoplasmic tails of CD4 and CD8 with which
p561ck interacts (38, 50), the inability of these truncated
forms of CD4 and CD8 to enhance T-cell activation by
antigen suggests that p561ck is involved in positive signaling
during T-cell activation.
Evidence for negative signaling through CD4, however,
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comes from the observation that treatment of cells with
anti-CD4 antibody, such as GK1.5, blocks Ca2" influx at an
early stage of T-cell activation (33, 40) and inhibits both
antigen-stimulated and lectin-induced interleukin-2 produc-
tion (2, 33, 48). It is possible, therefore, that pS6lck can also
play a role in negative signaling under some circumstances.

Cross-linking of CD4 with antibody is reported to induce
tyrosine phosphorylation of p56Ick and other cellular pro-
teins, including the ; subunit of the CD3 complex (42).
Cross-linking of CD8 is also reported to have a similar effect
in murine thymocytes (46). The physiological significance of
the increased phosphorylation of p56Ick induced by cross-
linking is a subject of some interest. pS6lck has two major
sites of tyrosine phosphorylation in vivo: Tyr-505 and Tyr-
394. Phosphorylation of Tyr-505 inhibits the protein tyrosine
kinase activity of pS6lck (1, 27). The phosphorylation of
Tyr-394 appears to occur by autophosphorylation (7), and
the extent of phosphorylation reflects the activity of p561ck
(1, 27). It has been reported that the cross-linking of CD4 on
murine C8 cells induces an increase in the protein kinase
activity of p56Ick when assayed in vitro as well as an increase
in the phosphorylation of Tyr-505, the inhibitory site (42,
44). These results are paradoxical. We have therefore asked
here how general this phenomenon is.
We have also addressed the question of whether it is the

binding of antibody to CD4 that induces increased phosphor-
ylation of pS6lck on tyrosine or whether the clustering ofCD4
molecules is required for this phenomenon. The study of
antibody-mediated cross-linking of T-cell surface molecules
is of interest because it has the potential to reveal the
function of specific proteins during T-cell activation or
maturation. It is quite possible, however, that antibody-
mediated cross-linking of CD4 or CD8 molecules does not
mimic what occurs during antigen-stimulated T-cell activa-
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tion. To address this question, we compared the effect of
antibody-mediated cross-linking of CD4 or CD8 with that of
antigen stimulation on the tyrosine phosphorylation of cel-
lular proteins.

Finally, since CD4 and CD8 are required for both the
activation of mature T cells and positive and negative
selection of immature T cells in the thymus, we wanted to
know whether the signal transduction through CD4 or CD8
differed in mature and immature T cells. Immature murine
thymocytes and mature splenic T cells were therefore iso-
lated, and the effects of cross-linking of CD4 and CD8 on
tyrosine phosphorylation of total cellular proteins were
studied.

MATERIALS AND METHODS

Cells. SAKRTLS12.1, a murine leukemic CD4+8- T-cell
line (15), and AKR1, a murine CD4+8+ leukemic T-cell line
(15), were grown in Dulbecco-Vogt modified Eagle medium
(DMEM) supplemented with 10% horse serum. L3, a murine
CD4-8+ cytotoxic T-cell line (10), was grown in DMEM
supplemented with 10% fetal bovine serum (FBS), 5 x 10-5
M ,-mercaptoethanol, and 5% EL-4 cell-conditioned me-
dium as a source of interleukin-2. D10.G4.1, a conalbu-
min-specific murine CD4+8- helper T-cell line (20), was
maintained in DMEM with 10% FBS, 5 x 10' M 13-mer-
captoethanol, and 10% concanavalin A-stimulated rat spleen
cell culture medium. GA4, an ovalbumin-specific murine
CD4-8+ cytotoxic T-cell clone (4), was grown in RPMI
medium supplemented with 10% FBS, 5 x 10-5 M ,B-mer-
captoethanol, 2 mM glutamine, 10 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.2), and
7.5% concanavalin A-stimulated rat spleen cell culture me-
dium. The GA4 T-cell clone was maintained by weekly
stimulation of 2 x 105 to 4 x 105 cells with 5 x 106 irradiated
syngeneic spleen cells from C57BL/6 mice and 105 irradiated
E.G7-OVA (29) cells per 2-ml well of 24-well plates (Costar).
LB27.4, a B-cell tumor cell line (19) that expresses I-Ab
molecules, was maintained in DMEM with 10% FBS and 5 x
10-5 M ,-mercaptoethanol.
Thymocytes and spleen cells were prepared from 4-week-

old BALB/c mice (bred at the Salk Institute). Splenic T cells
were depleted of B cells by panning with polyclonal goat
anti-mouse immunoglobulin antibodies (Organon Teknika).

Preparation of Fab fragment. Hybridoma cells secreting
monoclonal antibody (MAb) GK1.5 were cultured in serum-
free DMEM supplemented with Nutridoma SP (Boehringer
Mannheim Biochemicals). Culture supernatant was col-
lected, and GK1.5 was concentrated by ammonium sulfate
precipitation (34). The Fab fragment ofGK1.5 was generated
by incubation of GK1.5 with 5% (wt/wt, enzyme/substrate)
immobilized papain (Sigma Chemical Co.) at 37°C for 18 h
and purified on a DEAE-cellulose column (26).

Treatments. For the antibody cross-linking experiments,
cells were incubated on ice for 30 min in the presence of an
excess amount of rat MAb GK1.5 (anti-CD4) or 53.6.72
(anti-CD8) (kindly provided by Bob Hyman). After the
excess antibodies were washed away, cells were suspended
in serum-free DMEM at room temperature. Cross-linking
was performed at room temperature for various periods of
time with rabbit anti-rat immunoglobulin G (RAR) antibodies
at a final concentration of 20 ,ug/ml and stopped by the
addition of 2x Nonidet P-40 lysis buffer (35) or 2x sodium
dodecyl sulfate (SDS)-gel sample buffer.
Ovalbumin (grade V; Sigma) was cleaved by CNBr as

described (29), and this preparation (CNBr-OVA) was used

in the antigen stimulation experiments. For the binding and
presentation of CNBr-OVA, LB cells were pulsed with
CNBr-OVA at 500 ,ug/ml at 37°C for 2 h. Antigenic stimula-
tion was carried out by mixing GA4 cells with an equal
number ofLB cells that had been preincubated with antigen.

Immunoprecipitation and Western immunoblotting. Cells
were lysed in Nonidet P-40 lysis buffer (35) at a concentra-
tion of 107/ml at 4°C. For the immunoprecipitation of total
p56 ck, the lysate was clarified by centrifugation in a micro-
centrifuge at maximum speed for 15 min at 4°C. p56lck was
then isolated by immunoprecipitation as previously de-
scribed (14).

Total cellular proteins were prepared by lysing the cells
directly in SDS-gel sample buffer and then were analyzed by
Western blotting as described elsewhere (14, 17).
Phosphoamino acid analysis. Immunoprecipitated p561ck

was purified by electrophoresis on a 15% SDS-polyacryl-
amide gel and transferred electrophoretically to Immo-
bilon-P (Millipore Corp.) (17). Phosphoamino acid analysis
of p56lck bound to Immobilon-P was performed as described
previously (18).

Peptide mapping analysis. Immunoprecipitated p56lck was
purified by electrophoresis on a 15% SDS-polyacrylamide
gel and transferred electrophoretically to a nitrocellulose
membrane (Schleicher & Schuell, Inc.). CNBr digestion of
p56Ick bound to the nitrocellulose membrane was carried out
as described previously (24), and the resulting fragments
were resolved on a 24% SDS-polyacrylamide gel, using a
Tricine cathode buffer (0.1 M Tris, 0.1 M Tricine [Sigma],
0.1% SDS [pH 8.25]). Tryptic mapping analysis of p561ck
bound to nitrocellulose was performed as described previ-
ously (24).

In vivo 32p; labeling. Cells were washed once with phos-
phate-free DMEM and then incubated in the same medium
supplemented with 10% phosphate-free FBS in the presence
of 32Pi (0.5 mCi/ml; ICN) at 37°C for 4 h.

In vitro kinase assay. For kinase assays with enolase as a
substrate, immunoprecipitates containing p56lck from 5 x
105 cells were incubated with acid-denatured enolase and 10
,Ci of [y-32P]ATP in 20 RI of kinase buffer at room temper-
ature for 1 to 5 min (14).
For kinase assays with [Val5]-angiotensin II as a substrate,

immunoprecipitates containing p56lck from approximately
106 cells were incubated with 2 mM angiotensin II (Sigma)
and 5 pRCi of [_y-32P]ATP in a total volume of 5 RI of kinase
buffer (14) at room temperature. The reaction was termi-
nated by the addition of equal volume of7.5% trichloroacetic
acid, and angiotensin was adsorbed onto phosphocellulose
paper (Whatman p81). The pieces of paper were then washed
in 0.425% phosphoric acid, and [32P]angiotensin was quan-
tified by scintillation counting as described previously (49).

RESULTS

Cross-linking of CD4 or CD8 induces tyrosine phosphory-
lation of ps6kk. We examined the effect of antibody-mediated
cross-linking of CD4 and CD8 on protein tyrosine phosphor-
ylation in four murine T-cell lines: AKR1, a CD4+8+ leuke-
mic cell line; SAKR, a CD4+8- leukemic cell line; D10, a
CD4+8- conalbumin-specific helper T-cell line; and L3, a
CD4-8+ cytotoxic T-cell line. Almost 95 to 100% of p56Ick is
associated with CD4 in AKR1 and SAKR cells and with CD8
in L3 cells (T. R. Hurley, M.-A. Campbell, and B. M.
Sefton, unpublished data). The fraction of p56lck that asso-
ciates with CD4 has not been determined in D10 cells.
Conversely, up to 30% of CD4 is bound to p561ck in SAKR
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FIG. 1. Induction of tyrosine phosphorylation of p56lck by cross-linking of CD4 or CD8. Total cellular protein was prepared from 4 x 105
T cells before and after cross-linking with GK1.5 (A), Fab fragments of GK1.5 (B), or 53.6.72 (C) plus 20 ,ug of RAR antibodies per ml as

described in Materials and Methods. Immunoprecipitates were prepared from 5 x 105 L3 cells with anti-p56Ick antibodies before and after
cross-linking of CD8 (D). Tyrosine phosphorylation was analyzed by Western blotting with antiphosphotyrosine antibodies. The fluorograms
were exposed at -70°C for 20 h (A), 4 days (C and D) or 2 days (B). (A) Total cellular protein from SAKR cells. Lanes: 1, untreated cells;
2, MAb GK1.5 alone; 3, MAb GK1.5 plus RAR, cross-linked for 1 min; 4, MAb GK1.5 plus RAR, cross-linked for 5 min. (B) Total cellular
protein from SAKR cells. Lanes: 1, untreated cells; 2, Fab fragments of GK1.5 alone; 3, GK1.5 alone; 4, Fab fragments of GK1.5 plus RAR,
cross-linked for 2 min; 5, GK1.5 plus RAR, cross-linked for 2 min. (C) Total cellular protein from L3 cells. Lanes: 1, untreated cells; 2, MAb
53.6.72 alone; 3, MAb 53.6.72 plus RAR, cross-linked for 1 min; 4, MAb 53.6.72 plus RAR, cross-linked for 5 min. (D) Anti-p56Ick
immunoprecipitates from L3 cells. Lanes: 1, untreated cells; 2, MAb 53.6.72 alone; 3, MAb 53.6.72 plus RAR, cross-linked for 1 min; 4, MAb
53.6.72 plus RAR, cross-linked for 5 min.

and D10 cells, and 60% of CD8 is bound to p56Ick in L3 cells
(Hurley et al., unpublished data).

Cells were incubated with a saturating amount of rat
MAbs against CD4 (GK1.5) or CD8 (53.6.72) for 30 min on

ice and washed, and the antibody was cross-linked by
incubation at room temperature with an excess of RAR
antibodies. Total cellular protein was then prepared, and
tyrosine phosphorylation was analyzed by Western blotting
with polyclonal, affinity-purified, antiphosphotyrosine anti-
bodies. Cross-linking of CD4 induced a rapid increase in the
tyrosine phosphorylation of a 56-kilodalton (kDa) protein in
all three CD4+ T-cell lines: SAKR (Fig. 1A), AKR1 (data not
shown), and D10 (data not shown). Cross-linking of CD8 on
the L3 (Fig. 1C) and GA4 (see Fig. 5) cytotoxic T-cell clones
also stimulated greatly increased tyrosine phosphorylation
of a 56-kDa protein. Western blotting with antiphosphoty-
rosine antibodies of immunoprecipitates prepared from these
cells with anti-p56Ick antibodies showed that the phosphory-
lation of p561ck on tyrosine was stimulated by cross-linking
and suggested that the 56-kDa band seen in the total cellular
lysates was p561Ik (Fig. 1D; see below). The induction was
maximal within 1 min of cross-linking (Fig. 1A, C, and D,
lanes 3).
Treatment of cells with anti-CD4 or anti-CD8 alone had a

noticeable effect on the tyrosine phosphorylation of pS6lck
(Fig. 1A, C, and D, lanes 2; Fig. 1B, lane 3). To test whether
this increase in tyrosine phosphorylation of p56lck resulted
from the binding of the antibody to CD4 or from the
dimerization of the CD4 molecules induced by the bivalent
anti-CD4, we examined the effect of monovalent Fab frag-
ments of anti-CD4 (Fig. 1B). The ability of this preparation
of Fab fragments of GK1.5 to bind to surface CD4 molecules
was confirmed by flow cytometry (data not shown). Treat-
ment of SAKR cells with Fab fragments of GK1.5 did not

induce any alteration in the tyrosine phosphorylation of
p561ck (Fig. 1B, lane 2). Inclusion of RAR antibodies in
addition to the Fab fragments of anti-CD4, however, led to a
significant increase in tyrosine phosphorylation of p561ck
(Fig. 1B, lane 4). This result again showed that this prepa-
ration of Fab did in fact bind to CD4 and that the alterations
in the tyrosine phosphorylation of cellular proteins shown
here depended on the cross-linking of CD4, at least into
dimers.

In vitro kinase activity of ps6'k. It has been reported that
the tyrosine kinase activity of p56'ck, when assayed in vitro
with enolase as an exogenous substrate, is increased 300 to
500% by cross-linking with anti-CD4 (44). In our hands,
however, when enolase was used as an exogenous substrate,
cross-linking of CD4 or CD8 induced increases in activity of
0, 70, 130, and 58% in AKR1, SAKR, D10, and L3 cell lines,
respectively (Table 1). Disappointed by these results, we
looked for changes in the kinase activity of p561ck by using
[Val5]-angiotensin II as an exogenous substrate.

TABLE 1. In vitro kinase assays of p561Ck
Fold stimulation of the kinase activity of

Cell line p56kk by cross-linkinga
Enolase [Val5]-angiotensin II

AKR1 1.0 3.5
SAKRTLS12.1 1.7 4.0
D10.G4.1 2.3 2.5
L3 1.6 1.6

The kinase activity of p56/k isolated by immunoprecipitation with anti-
p561cA antibodies was assayed as described in Materials and Methods. Under
all circumstances, incorporation of 32p in the indicated exogenous substrate
was linear with time for more than 5 min. The activity of p56Ick was calculated
from the rate of incorporation of 32p.
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FIG. 2. Stimulation of in vitro kinase activity of p561ck by cross-
linking of CD4 on SAKR cells. Immunoprecipitates were prepared
with anti-p56"ck antibodies from 106 SAKR cells before and after
cross-linking with GK1.5 plus RAR as described in Materials and
Methods. In vitro kinase assays were conducted with 2 mM [Val5]-
angiotensin II peptide as a substrate as described in Materials and
Methods. The graph shows incorporation of 32P into angiotensin as
a function of kinase reaction time.

When assayed this way, cross-linking of CD4 with either
anti-CD4 alone or anti-CD4 plus rabbit anti-rat antibodies
induced an approximately fourfold increase in kinase activ-
ity of p561ck in AKR1 and SAKR cells (Table 1 and Fig. 2)
and a two- to threefold increase in D10 cells (Table 1). In
contrast, however, little alteration in in vitro kinase activity
could be detected after cross-linking of CD8 on L3 cells
(Table 1).

Determination of the sites in p56kk whose phosphorylation is
induced by antibody cross-linking. We determined the sites in
p56lck whose phosphorylation was induced during cross-
linking by two-dimensional tryptic peptide mapping. pS6lck
was isolated by immunoprecipitation with anti-p56 ck anti-
bodies from cells that had been labeled biosynthetically with
32Pi and then cross-linked with either anti-CD4 or anti-CD8.
Two major phosphotyrosine-containing peptides, peptide 1

and peptide 2, that contain Tyr-394 and Tyr-505, respec-
tively (7, 27), were seen in maps of p56Ick from untreated
cells (Fig. 3a, c, e, and g). Peptide 3 is derived from the
amino-terminal half of the molecule and contains phospho-
serine (25, 45).

Cross-linking of CD4 induced a rapid and obvious increase
in the phosphorylation of Tyr-394 (peptide 1) in p56Ick from
AKR1 cells (Fig. 3a and b) and SAKR cells (Fig. 3c and d).
Phosphorylation of Tyr-505 (peptide 2) was also increased
relative to that of the phosphoserine-containing peptide 3 in
p56lck from SAKR cells (Fig. 3c and d) but to a lesser extent
than that of Tyr-394.

In contrast, the ratio of phosphate label in the peptides
containing Tyr-394 and Tyr-505 changed only a little after
cross-linking of CD4 on D10 cells (Fig. 3e and f) and did not
change significantly after cross-linking of CD8 on L3 cells
(Fig. 3g and h). This result was surprising, since blotting with

antiphosphotyrosine antibodies (unpublished data; Fig. 1C
and D for L3) suggested that greatly increased tyrosine
phosphorylation of p56lck is induced by cross-linking of CD4
or CD8 in these cells. The phosphorylation of p561ck from
D10 and L3 cells was therefore analyzed by phosphoamino
acid analysis. In both cell lines, the ratio of phosphotyrosine
to phosphoserine in p561ck was much higher in cells that had
been cross-linked than in untreated cells (Fig. 4A). Since the
phosphorylation of p561ck on tyrosine was clearly induced by
antibody-mediated cross-linking in these two cell lines, but
the ratio of label at Tyr-394 to Tyr-505 was unchanged, it is
likely that the phosphorylation of both Tyr-394 and Tyr-505
was induced by cross-linking in these two cell lines. This
possibility is difficult to test by two-dimensional tryptic
peptide mapping, since the recovery of phosphoserine-con-
taining tryptic peptides that can be used for normalization is
poor.
CNBr digestion of p561ck generates three major fragments:

a 32-kDa amino fragment that contains one or more serine
phosphorylation sites, a 9-kDa fragment containing Tyr-394,
and a 4-kDa fragment containing Tyr-505 (25, 45). This
technique can therefore also be used to study the phosphor-
ylation of p561k. As expected, cross-linking of CD4 in
SAKR cells labeled biosynthetically with 32Pi increased the
tyrosine phosphorylation of the 9-kDa fragment dramatically
and the phosphorylation of the 4-kDa fragment moderately
but had little effect on the phosphorylation of the amino
terminal 32-kDa fragment (Fig. 4B). This finding agrees with
the result derived from tryptic peptide mapping.

In D10 cells, however, the labeling of both the 9- and
4-kDa fragments, relative to that of the 32-kDa fragment,
increased after cross-linking (Fig. 4B). This result suggests
that phosphorylation of both Tyr-394 and Tyr-505 was stim-
ulated and to approximately the same extent. This finding is
consistent with the results of the two-dimensional tryptic
peptide mapping. Similarly, in L3 cells, the labeling of both
the 9- and 4-kDa fragments, but not the 32-kDa fragment,
was induced by cross-linking (data not shown). This too is
consistent with the results obtained by tryptic peptide map-
ping.

All of the mapping experiments described above analyzed
the total population of p561Ck isolated by immunoprecipita-
tion with antibodies against p56Ick. Similar results were
obtained with the population of p561ck bound to CD4 (data
not shown).
Comparison between the effect of antigenic stimulation and

cross-linking of CD8 on tyrosine protein phosphorylation in
GA4 cells. We addressed the question of whether the cross-
linking of CD4 or CD8 mimics what occurs during antigen-
induced T-cell activation by comparing the tyrosine phos-
phorylation of total cellular proteins during antigen-induced
T-cell activation and antibody cross-linking. Total cellular
proteins from GA4 cells that had been either cross-linked
with anti-CD8 plus RAR antibodies or stimulated with
CNBr-OVA on antigen-presenting cells were analyzed by
Western blotting with antiphosphotyrosine antibodies (Fig.
5). As expected, cross-linking of CD8 induced a rapid
increase in the tyrosine phosphorylation of p56lck but had
little effect on the tyrosine phosphorylation of other cellular
proteins. In contrast, antigenic stimulation of GA4 cells
induced the tyrosine phosphorylation of 120-, 105-, 90-, 60-,
and 40-kDa proteins rapidly but had little effect on the
phosphorylation of p561ck (Fig. 5). Similar results were
obtained with three other antigen-dependent murine T-cell
clones (data not shown).
Comparison of the effect of cross-linking of CD4 and CD8 on
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FIG. 3. Two-dimensional tryptic peptide mapping of p56lck. Immunoprecipitates were prepared with anti-p56'ck from cells that had been
labeled biosynthetically with 32Pi and cross-linked as described in Materials and Methods. p56Ick bound to nitrocellulose was digested with
trypsin, and the resulting peptides were analyzed by electrophoresis at pH 8.9 in the horizontal dimension and ascending chromatography in
the vertical dimension. The fluorograms were exposed at -70°C for 3 days (a and b) or 5 days (c to h). (a, c, e, and g) Untreated cells; (b,
d, and f) MAb GK1.5 plus RAR, cross-linked for 1 min; (h) MAb 53.6.72 plus RAR, cross-linked for 1 min.

murine thymocytes with that on splenic T cells. It has been
shown that in murine splenic T cells and thymocytes, at least
35 to 50% of the p56lck is associated with CD4 and 10% is
associated with CD8. Conversely, 30% of CD4 and 10% of
CD8 is bound to p56Ick in thymocytes, and 40% of CD8 is
bound to p56Ick in splenocytes (Hurley et al., unpublished

data). The effect of antibody-mediated cross-linking of CD4
or CD8 on tyrosine phosphorylation in thymocytes and
B-cell-depleted spleen cells prepared from 4-week-old
BALB/c mice was examined by Western blotting with an-
tiphosphotyrosine antibodies. The constitutive level of ty-
rosine phosphorylation in untreated cells (Fig. 6, lanes 1) or
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FIG. 4. Induction of tyrosine phosphorylation of p56Ick by cross-linking of CD4 and CD8. Immunoprecipitates were prepared with
anti-p56"ck from cells that had been labeled biosynthetically with 32Pi and cross-linked. Phosphoamino acid analyses were carried out with
p561ck bound to Immobilon-P as described in Materials and Methods. The electrophoresis was at pH 1.9 in the horizontal dimension and pH
3.5 in the vertical dimension. CNBr cleavage was carried out with p56Ick bound to nitrocellulose, and the resulting peptides were analyzed
on a 24% SDS-polyacrylamide gel with a Tricine cathode buffer. The fluorograms were exposed at -70°C for 6 days for phosphoamino acid
analyses and 2 days for CNBr cleavage. (A) Phosphoamino acid analysis; (B) CNBr cleavage of p561ck. Symbols: -, Untreated cells; +, MAb
GK1.5 plus RAR, cross-linked for 1 min.

in cells that had been incubated with RAR antibodies alone
(data not shown) was very low. Within 1 min of cross-linking
of CD4, a dramatic and maximal increase in the tyrosine
phosphorylation of p561ck was observed with both thymo-
cytes and splenic T cells (Fig. 6A). Tyrosine phosphoryla-
tion of proteins of approximately 60 and 95 kDa was also
stimulated in both thymic and peripheral T cells but much
less dramatically than that of p561ck.

Tyrosine phosphorylation of P56 ck was also induced
slightly when murine splenic T cells were cross-linked with
anti-CD8 (Fig. 6B). However, the extent of stimulation was
much less than that induced by cross-linking of CD4, and the
kinetics of induction was slower, being maximal at 5 min
after cross-linking of CD8. No consistent alteration in ty-
rosine phosphorylation of p561ck was observed when murine
thymocytes from the same animal were cross-linked with
anti-CD8. This may be due to the fact that only 10% of the
p56 ck is associated with CD8, and only 10% of the CD8 is
associated with p56lck, in thymocytes (Hurley et al., unpub-
lished).

DISCUSSION

Cross-linking of CD4 with antibody induces a rapid in-
crease in the tyrosine phosphorylation of p56lck and a few
other cellular proteins in the C8 murine T-cell line (42). We
have observed a similar effect after cross-linking of CD4 with
antibody in murine thymocytes, splenic T cells, and the
AKR1, SAKR, and D10 cell lines. Cross-linking of CD8 also
stimulated tyrosine phosphorylation of p56Ick dramatically in
L3 and GA4 cells and slightly in splenic T cells. We observed
little or no induced tyrosine phosphorylation in thymocytes
and AKR1 cells after cross-linking with anti-CD8. Our
results differ from those reported previously (46) that cross-
linking of CD8 on murine thymocytes induces tyrosine
phosphorylation of p561ck. The lack of an obvious alteration
in the phosphorylation of p561ck in thymocytes and AKR1
cells in response to cross-linking of CD8 might reflect the
fact that no more than 25% of p561ck is associated with CD8
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FIG. 5. Western blotting of total cellular protein from GA4 cells
with antiphosphotyrosine antibodies. Cells were either cross-linked
with anti-CD8 plus RAR or stimulated with an equal number of LB
cells that had been preincubated with CNBr-OVA. Total cellular
protein was prepared from 4 x 10' GA4 cells and fractionated on a
15% SDS-polyacrylamide gel. Western blotting was carried out as

described in Materials and Methods. The fluorogram was exposed
for 4 days at -70°C. (Cross-linking panel) Lanes: 1, untreated cells;
2, MAb 53.6.72 plus RAR, cross-linked for 1 min; 3, MAb 53.6.72
plus RAR, cross-linked for 5 min. (Antigen [Ag] stimulation panel)
Lanes: 1, GA4 plus LB cells; 2, GA4 plus LB cells preincubated
with CNBr-OVA, stimulated for 1 min; 3, GA4 plus LB cells
preincubated with CNBr-OVA, stimulated for 5 min; 4, LB cells
preincubated with CNBr-OVA only.

A

Control

Qs

MOL. CELL. BIOL.



CROSS-LINKING AFFECTS PHOSPHORYLATION OF p56lck

A B

Thymocytes Splenocytes

1 2 3 4 5 6 7 8

Thymocytes Splenocytes
123 45 6
1 2 3 4 5 6 7 8

-sh* ,*&*-p56Ick_ _*

FIG. 6. Effect of cross-linking of CD4 and CD8 on murine thymocytes and splenic T cells. Thymocytes and splenic T cells prepared from
BALB/c mice were cross-linked with GK1.5 or 53.6.72 plus RAR as described in Materials and Methods. Total cellular protein from 2 x 106
cells was analyzed by Western blotting with antiphosphotyrosine antibodies. The fluorograms were exposed at -70°C for 20 h for thymocytes
and 3 days for splenocytes. (A) Cross-linking of CD4 on thymocytes and splenic T cells. Lanes: 1, untreated cells; 2, MAb GK1.5 alone; 3,
MAb GK1.5 plus RAR, cross-linked for 1 min; 4, MAb GK1.5 plus RAR, cross-linked for 5 min; 5, untreated cells; 6, MAb GK1.5 alone; 7,
MAb GK1.5 plus RAR, cross-linked for 1 min; 8, MAb GK1.5 plus RAR, cross-linked for 5 min. (B) Cross-linking of CD8 on thymocytes and
splenic T cells. Lanes: 1, untreated cells; 2, MAb 53.6.72 alone; 3, MAb 53.6.72 plus RAR, cross-linked for 1 min; 4, MAb 53.6.72 plus RAR,
cross-linked for 5 min; 5, untreated cells; 6, MAb 53.6.72 alone; 7, MAb 53.6.72 plus RAR, cross-linked for 1 min; 8, MAb 53.6.72 plus RAR,
cross-linked for S min.

in these cells (Hurley et al., unpublished). Whether the
differing effects of cross-linking of CD8 in thymocytes and
splenocytes on the phosphorylation of p561ck reveal some
important difference between CD8-mediated signaling in
immature and mature T cells is not yet clear. The effects of
cross-linking of CD4 on the tyrosine phosphorylation of
p561ck appeared to be similar in immature and mature T cells.

It has been reported that cross-linking of CD4 on C8 cells
induces a three- to fivefold increase in the kinase activity of
p561ck when assayed in vitro with enolase as an exogenous
substrate (44). Our efforts to detect such an increase in
kinase activity of p561ck in the four cell lines with enolase as
an exogenous substrate yielded unsatisfying results (Table
1). However, when we used [Val5]-angiotensin II as a
substrate in the in vitro kinase assay, we could consistently
detect a four- to fivefold increase in the kinase activity of
p561ck in the SAKR and AKR1 cell lines after cross-linking of
CD4. Angiotensin may therefore be a more sensitive exog-
enous substrate of pS6lck than enolase. Despite the fact that
the tyrosine phosphorylation of p561ck was induced in all four
cell lines, the in vitro kinase activity of p56Ick was increased
significantly by cross-linking in only three of the four cell
lines.

It is possible that cross-linking of CD4 or CD8 has
different effects on the in vitro kinase activity of p561ck in
different cells because it has different effects on the phos-
phorylation of p56Ick. In all four cell lines, antibody-medi-
ated cross-linking stimulated the phosphorylation of Tyr-
394, the autophosphorylation site. In D10 and L3 cells,
however, the phosphorylation of Tyr-505 was also stimu-
lated and to a similar extent to that of Tyr-394. Why

cross-linking affects the phosphorylation of p56"Ck differently
in these cell lines is not clear. It could be that the ability of
cross-linking to induce the inhibitory phosphorylation of
p561ck on Tyr-505 is lost in leukemic cell lines. Veillette et al.
observed an increase in the phosphorylation of only Tyr-505
after cross-linking of CD4 in C8 cells (42). We did not
observe this in any cell lines that we studied.
The ability of anti-CD4 or anti-CD8 antibodies to stimulate

the tyrosine phosphorylation of p561ck could result either
from the simple binding of antibody to CD4 or CD8 or from
the oligomerization of CD4 or CD8 molecules induced by
multivalent antibodies. Oligomerization of CD4 molecules is
apparently essential, since Fab fragments of anti-CD4 are
inactive in inducing tyrosine phosphorylation unless they are
cross-linked with a second antibody. Dimerization appears
to be sufficient since anti-CD4 or anti-CD8 induces an
increase in tyrosine phosphorylation of p561ck in the absence
of a second, cross-linking antibody.

This requirement of dimerization for autophosphorylation
and activation of p56lck is similar to what has been found
with the growth factor receptor tyrosine kinases such as the
epidermal growth factor receptor, platelet-derived growth
factor receptor, and colony-stimulating factor 1 receptor. In
each case, ligand-induced receptor oligomerization is neces-
sary for induced autophosphorylation, which in turn is
required for activation of the tyrosine kinase activity of the
receptor (3, 12, 13, 36). How dimerization stimulates the
kinase activity and the phosphorylation of pS6lck is not yet
clear. The increased autophosphorylation of p56Ick could
result from either intermolecular phosphorylation or intra-
molecular phosphorylation, although the requirement for the
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TABLE 2. Summary of the effects of cross-linking on p56Ic,k
Increase in total Increase in in Increase in ratio of

tyrosine vitro kinase phosphorylation ofCell line phosphorylation activity of p56'kk at Tyr-394
of p56Ick p56lhk to that at Tyr-505

AKR1 + + +
SAKRTLS12.1 + + +
D1O.G4.1 + - -
L3 + - -

dimerization seems to suggest that the induced autophospho-
rylation is an intermolecular event.

It has been reported that antigen stimulation induces the
clustering of CD4 molecules with the T-cell receptor-CD3
complex (23). If cross-linking of CD4 with antibody mimics
in part the aggregation of CD4 molecules induced by the
interaction of CD4 with major histocompatibility complex
class II molecules on antigen-presenting cells, one might
expect to find an alteration in the tyrosine phosphorylation
of p561k to accompany activation by antigen. When total
cellular proteins from GA4 cells that had been stimulated
with antigen were analyzed by antiphosphotyrosine Western
blotting, no dramatic increase in tyrosine phosphorylation of
p56 ck was observed.

It is possible, therefore, that the signal generated by
cross-linking of CD4 or CD8 with antibody differs quantita-
tively or qualitatively from that generated by antigenic
stimulation. It could be that the effect of cross-linking with
antibody is a very exaggerated, but otherwise faithful, re-
flection of what happens during normal T-cell activation.
Alternatively, it is possible that the effects of cross-linking
are misleading and that the phosphorylation or activity of
pS6lck is in fact unchanged during T-cell activation. Even if
this were the case, the phosphorylation of substrates by
p561k could still play a role in T-cell activation. T-cell
activation might affect the interaction of p56lck with specific
polypeptide substrates, perhaps as a result of the induced
clustering of CD4 with the T-cell receptor, and this could
lead to the increased phosphorylation of polypeptide sub-
strates on tyrosine without affecting the intrinsic activity of
p561ck.

If the phosphorylation of polypeptide substrates by p56lck
is involved in signaling during T-cell maturation and T-cell
activation, an important question is whether p56kIk generates
a positive or a negative signal. Depending on how the assay
is done, CD4 and CD8 can be shown to deliver both positive
and negative signals in cultured cells (2, 5, 16, 33, 39, 48, 50).
However, because the cytoplasmic domains of both CD4
and CD8, with which p56Ick interacts, have been shown to be
important in the activation of several T-cell lines by antigen
(39, 50), it appears likely that pS6Ick can participate in
positive signaling under some circumstances.

ACKNOWLEDGMENTS
We are grateful to R. Hyman, I. Engle, J. Kaye, S. Hedrick, F.

Carbone, and A. Glasebrook, who generously provided antibodies,
cells, and advice. We also thank H. Ostergaard and I. Trowbridge
for helpful discussions and T. Hurley, H. Adler, M.-A. Campbell, T.
Hunter, and P. Reynolds for critically reading the manuscript.

This work was supported by Public Health Service grants CA
14195 and CA 42350 from the National Cancer Institute.

LITERATURE CITED
1. Amrein, K. E., and B. M. Sefton. 1988. Mutation of a site of

tyrosine phosphorylation in the lymphocyte-specific tyrosine

protein kinase, p56Ick, reveals its oncogenic potential in fibro-
blasts. Proc. Natl. Acad. Sci. USA 85:4247-4251.

2. Berkoff, M., R. Kubo, and H. M. Grey. 1986. Activation
requirements for normal T cells: accessory cell-dependent and
-independent stimulation by anti-receptor antibodies. J. Immu-
nol. 137:1411-1419.

3. Boni-Schnetzler, M., and P. F. Pilch. 1987. Mechanism of
epidermal growth factor receptor autophosphorylation and high-
affinity binding. Proc. Natl. Acad. Sci. USA 84:7832-7836.

4. Carbone, F. R., M. W. Moore, J. M. Sheil, and M. J. Bevan.
1988. Induction of cytotoxic T lymphocytes by primary in vitro
stimulation with peptides. J. Exp. Med. 167:1767-1779.

5. Carrel, S., S. Moretta, G. Pantaleo, G. Tambussi, P. Isler, B.
Perussia, and J. C. Cerottini. 1988. Stimulation and proliferation
of CD4+ peripheral blood T lymphocytes induced by an anti-
CD4 monoclonal antibody. Eur. J. Immunol. 18:333-339.

6. Casnellie, J. E., L. E. Gentry, L. R. Rohrschneider, and E. G.
Krebs. 1984. Identification of the tyrosine protein kinase from
LSTRA cells by the use of site-specific antibodies. Proc. Natl.
Acad. Sci. USA 81:6676-6680.

7. Casnellie, J. E., M. L. Harrison, K. E. Hellstrom, and E. G.
Krebs. 1982. A lymphoma protein with an in vitro site of
tyrosine phosphorylation homologous to that in pp6Jsr. J. Biol.
Chem. 257:13877-13879.

8. Doyle, C., and J. L. Strominger. 1987. Interaction between CD4
and class II MHC molecules mediates cell adhesion. Nature
(London) 330:256-259.

9. Fowlkes, B. J., R. H. Schwartz, and D. M. Pardoll. 1988.
Deletion of self-reactive thymocytes occurs at a CD4+8+ pre-
cursor stage. Nature (London) 334:620-623.

10. Glasebrook, A. L., and F. W. Fitch. 1979. T-cell lines which
cooperate in generation of specific cytolytic activity. Nature
(London) 278:171-173.

11. Greenstein, J. L., J. Kappler, P. Marrack, and S. J. Burakoff.
1984. The role of L3T4 in recognition of Ia by a cytotoxic,
H-2Dd1specific T cell hybridoma. J. Exp. Med. 159:1213-1224.

12. Hammacher, A., K. Mellstrom, C.-H. Heldin, and B. Wester-
mark. 1989. Isoform-specific induction of actin reorganization
by platelet-derived growth factor suggests that the functionally
active receptor is a dimer. EMBO J. 8:2489-2495.

13. Heldin, C.-H., A. Ernlund, C. Rorsman, and L. Ronnstrand.
1989. Dimerization of the B-type platelet-derived growth factor
receptors occurs after ligand binding and is closely associated
with receptor kinase activation. J. Biol. Chem. 264:8905-8912.

14. Hurley, T. R., and B. M. Sefton. 1989. Analysis of the activity
and phosphorylation of the Ick protein in lymphoid cells. Onco-
gene 4:265-272.

15. Hyman, R., K. Cunningham, and V. Stallings. 1980. Evidence
for a genetic basis for the class A Thy-i- defect. Immunogenet-
ics 10:261-271.

16. loannides, C. G., R. S. Freedman, and C. D. Platsoucas. 1989.
OKT4 monoclonal antibody-induced activation of an autoreac-
tive T-cell clone. Cell. Immunol. 123:244-252.

17. Kamps, M. P., and B. M. Sefton. 1988. Identification of multiple
novel polypeptide substrates of the v-src, v-yes, v-fps, v-ros,
and v-erb-B oncogenic tyrosine protein kinases utilizing antisera
against phosphotyrosine. Oncogene 2:305-315.

18. Kamps, M. P., and B. M. Sefton. 1989. Acid and base hydrolysis
of phosphoproteins bound to Immobilon facilitates the analysis
of phosphoamino acids in gel-fractionated proteins. Anal. Bio-
chem. 176:22-27.

19. Kappler, J., J. White, D. Wegmann, E. Mustain, and P. Mar-
rack. 1982. Antigen presentation by Ia+ B cell hybridomas to
H-2-restricted T cell hybridomas. Proc. Natl. Acad. Sci. USA
79:3604-3607.

20. Kaye, J., S. Porcelli, J. Tite, B. Jones, and C. A. Janeway. 1983.
Both a monoclonal antibody and antisera specific for determi-
nants unique to individual cloned helper T cell lines can substi-
tute for antigen and antigen-presenting cells in the activation of
T cells. J. Exp. Med. 158:836-856.

21. Kisielow, P., H. Bluthmann, U. D. Staerz, M. Steinmetz, and H.
von Boehmer. 1988. Tolerance in T-cell-receptor transgenic
mice involves deletion of nonmature CD4+8+ thymocytes.

MOL. CELL. BIOL.



CROSS-LINKING AFFECTS PHOSPHORYLATION OF p561ck 5313

Nature (London) 333:742-746.
22. Koga, Y., N. Caccia, B. Toyonaga, R. Spoiski, Y. Yanagi, Y.

Yoshikai, and T. W. Mak. 1986. A human T cell-specific cDNA
clone (YT16) encodes a protein with extensive homology to a
family of protein-tyrosine kinases. Eur. J. Immunol. 16:
1643-1646.

23. Kupfer, A., S. J. Singer, C. A. Janeway, Jr., and S. L. Swain.
1987. Coclustering of CD4 (L3T4) molecule with the T cell
receptor is induced by specific direct interaction of helper T
cells and antigen-presenting cells. Proc. Natl. Acad. Sci. USA
84:5888-5892.

24. Luo, K., T. R. Hurley, and B. M. Sefton. 1990. Transfer of
proteins to membranes facilitates both cyanogen bromide cleav-
age and two-dimensional proteolytic mapping. Oncogene
5:921-924.

25. Luo, K., and B. M. Sefton. 1990. Analysis of the sites in p56lck
whose phosphorylation is induced by tetradecanoyl phorbol
acetate. Oncogenes 5:803-808.

26. Mage, M. G. 1980. Preparation of Fab fragments from IgGs of
different animal species. Methods Enzymol. 70:142-150.

27. Marth, J. D., J. A. Cooper, C. S. King, S. F. Ziegler, D. A.
Tinker, R. W. Overeil, E. G. Krebs, and R. M. Perlmutter. 1988.
Neoplastic transformation induced by an activated lymphocyte-
specific protein tyrosine kinase (pp561c1). Mol. Cell. Biol.
8:540-550.

28. Marth, J. D., R. Peet, E. G. Krebs, and R. M. Perlmutter. 1985.
A lymphocyte-specific protein-tyrosine kinase gene is rear-
ranged and overexpressed in the murine T cell lymphoma
LSTRA. Cell 43:393-404.

29. Moore, M. W., F. R. Carbone, and M. J. Bevan. 1988. Intro-
duction of soluble protein into the class I pathway of antigen
processing and presentation. Cell 54:777-785.

30. Norment, A. M., R. D. Salter, P. Parham, V. H. Engelhard, and
D. R. Littman. 1988. Cell-cell adhesion mediated by CD8 and
MHC class I molecules. Nature (London) 336:79-81.

31. Ratnofsky, S. E., A. Peterson, J. L. Greenstein, and S. J.
Burakoff. 1987. Expression and function of CD8 in a murine T
cell hybridoma. J. Exp. Med. 166:1747-1757.

32. Rosenstein, Y., S. Ratnofsky, S. J. Burakoff, and S. H. Herr-
mann. 1989. Direct evidence for binding of CD8 to HLA class I
antigens. J. Exp. Med. 169:149-160.

33. Rosoff, P. M., S. J. Burakoff, and J. L. Greenstein. 1987. The
role of the L3T4 molecule in mitogen and antigen-activated
signal transduction. Cell 49:845-853.

34. Rousseaux, J., G. Biserte, and H. Bazin. 1980. The differential
enzyme sensitivity of rat immunoglobulin G subclasses to
papain and pepsin. Mol. Immunol. 17:469-482.

35. Rudd, C. E., J. M. TrevilHyan, J. D. Dasgupta, L. L. Wong, and
S. F. Schlossman. 1988. The CD4 receptor is complexed in
detergent lysates to a protein-tyrosine kinase (pp58) from hu-
man T lymphocytes. Proc. Natl. Acad. Sci. USA 85:5190-5194.

36. Seifert, R. A., C. E. Hart, P. E. Phillips, J. W. Forstrom, R.
Ross, M. J. Murray, and D. F. Bowen-Pope. 1989. Two different
subunits associate to create isoform-specific platelet-derived
growth factor receptors. J. Biol. Chem. 264:8771-8778.

37. Sha, W. C., C. A. Nelson, R. D. Newberry, D. M. Kranz, J. H.
Russell, and D. Y. Loh. 1988. Positive and negative selection of
an antigen receptor on T cell transgenic mice. Nature (London)
336:73-76.

38. Shaw, A. S., K. E. Amrein, C. Hammond, D. F. Stern, B. M.
Sefton, and J. K. Rose. 1989. The Ick tyrosine protein kinase
interacts with the cytoplasmic tail of the CD4 glycoprotein
through its unique amino-terminal domain. Cell 59:627-636.

39. Sleckman, B. P., A. Peterson, J. A. Foran, J. C. Gorga, C. J.
Kara, J. L. Strominger, S. J. Burakoff, and J. L. Greenstein.
1988. Functional analysis of a cytoplasmic domain deleted
mutant of the CD4 molecule. J. Immunol. 141:49-54.

40. Tite, J. P., A. Sloan, and C. A. J. Janeway. 1986. The role of
L3T4 in T cell activation: L3T4 may be both an Ia-binding
protein and a receptor that transduces a negative signal. J. Mol.
Cell. Immunol. 2:179-190.

41. Trevillyan, J. M., Y. Lin, S. J. Chen, C. A. Phillips, C. Canna,
and T. J. Linna. 1986. Human T lymphocytes express a protein-
tyrosine kinase homologous to p56LSTRA. Biochem. Biophys.
Acta 888:286-295.

42. Veillette, A., J. B. Bolen, and M. A. Bookman. 1989. Alterations
in tyrosine protein phosphorylation induced by antibody-medi-
ated cross-linking of the CD4 receptor of T lymphocytes. Mol.
Cell. Biol. 9:4441-4446.

43. Veillette, A., M. A. Bookman, E. M. Horak, and J. B. Bolen.
1988. The CD4 and CD8 T cell surface antigens are associated
with the internal membrane tyrosine-protein kinase p56Ick. Cell
44:301-308.

44. Veillette, A., M. A. Bookman, E. M. Horak, L. E. Samelson, and
J. B. Bolen. 1989. Signal transduction through the CD4 receptor
involves the activation of the internal membrane tyrosine-
protein kinase pS6Ick. Nature (London) 338:257-259.

45. Veillette, A., I. D. Horak, and J. B. Bolen. 1988. Post-transla-
tional alterations of the tyrosine kinase p56Ick in response to
activators of protein kinase C. Oncogene Res. 2:385-401.

46. Veillette, A., J. C. Zufiga-Pflucker, J. B. Bolen, and A. M.
Kruisbeek. 1989. Engagement of CD4 and CD8 expressed on
immature thymocytes induces activation of intracellular ty-
rosine phosphorylation pathways. J. Exp. Med. 170:1671-1680.

47. Voronova, A. F., J. E. Buss, T. Patschinsky, T. Hunter, and
B. M. Sefton. 1985. Characterization of the protein apparently
responsible for the elevated tyrosine protein kinase activity in
LSTRA cells. Mol. Cell. Biol. 4:2705-2713.

48. Wassmer, P., C. Chan, L. L6gdberg, and E. M. Shevach. 1985.
Role of the L3T4-antigen in T cell activation. II. Inhibition of T
cell activation by monoclonal anti-L3T4 antibodies in the ab-
sence of accessory cells. J. Immunol. 135:2237-2242.

49. Wong, T. W., and A. R. Goldberg. 1984. Purification and
characterization of the major species of tyrosine protein kinase
in rat liver. J. Biol. Chem. 259:8505-8512.

50. Zamoyska, R., P. Derham, S. D. Gorman, P. von Hoegen, J. B.
Bolen, A. Velilette, and J. R. Parnes. 1989. Inability of CD8a'
polypeptides to associate with p56Ick correlates with impaired
function in vitro and lack of expression in vivo. Nature (Lon-
don) 342:278-281.

VOL. 10, 1990


